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Resume - La d i f f u s i o n  de f i lms minces (Q 50 A) d'ant imoine, deposes sur  des 
subst rats  c r i s t a l l i n s  de s i l i c i u m ,  a  @t@ i n d u i t e  au moyen d 'un l a s e r  YAG a 
taux eleve de r e p e t i t i o n  (5KHz), d e l i v r a n t  & l a  longueur d'onde de 0,53 m  
cron, des impulsions dont l a  dur@e e s t  de 100 ns, 3 une Snergie de 2 J/cm 5 
Le fa isceau de 100 microns de diamPtre e s t  balaye a f i n  de t r a i t e r  de grandes 
surfaces. 
Les p ropr ie tes  des jonc t ions  a i n s i  obtenues, o n t  Cite analysees e t  l e u r s  carac- 
t e r i s t i q u e s  photovoltaiques mesurees pour des condi t ions AM1 d ' i l l u m i n a t i o n .  
Les r e s u l t a t s  montrent que l ' u t i l i s a t i o n  d 'un  l a s e r  puts6 e t  balaye permet de 
preparer des c e l l u l e s  so la i res  de grande sur face qu i  presentent des e f f i c a c i -  
t & s  de conversion comprises en t re  15 e t  16%. 
0 
Abstract  - The d i f f u s i o n  o f  t h i n  f i l m s  (x 50 A) o f  antimony, deposited on 
s ing le  c r y s t a l l i n e  s i l i c o n ,  has been induced by i r r a d i a t i n g  the wafers w i t h  a  
h igh r e p e t i t i v e  (5KHz) CW pumped YAG l a s e r  e m i t t i n g  a t  0.53 micron wavelength 
pulses o f  100 ns dura t ion  a t  an energy o f  2 ~ / c m - ~ .  The 100 microns i n  diame- 
t e r  spots are scanned over la rge  areas w i t h  c o n t r o l l e d  pulse overlapping by a  
microprocessor set-up. 
The p roper t ies  o f  the l a s e r  processed junc t ions  have been analyzed and t h e i r  
pho tovo l ta i c  c h a r a c t e r i s t i c s  determined under AM1 i l l u m i n a t i o n  condi t ions.  
The r e s u l t s  demonstrate t h a t  the use of scanned overlapping l a s e r  pulses a l -  
lows t o  prepare l a r g e  area s o l a r  c e l l s ,  which present e f f i c i e n c i e s  between 
15 and 16%. 
INTRODUCTION 
Thin f i l m  deposi t ion fo l lowed by pulsed l a s e r  treatment has been demonstrated t o  be 
a  very i n t e r e s t i n g  technique f o r  j u n c t i o n  formation, espec ia l l y  i n  s o l a r  c e l l s  fa -  
b r i c a t i o n  /1, 2/.  Several advantages o f  l a s e r  processing cannot be r e a l i z e d  by con- 
vent ional  thermal annealing. The l o c a l i z a t i o n  o f  the thermal e f f e c t s  o f  the l a s e r  
r a d i a t i o n  i n  a  t h i n  surface l a y e r  w i thou t  d i s t u r b i n g  the under ly ing mate r ia l ,  the 
con t ro l  o f  the dopant d i s t r i b u t i o n  p r o f i l e ,  and the  complete e l e c t r i c a l  a c t i v a t i o n  
o f  dopant atoms a t  concentrat ions exceeding the thermal equ i l i b r ium s o l u b i l i t y  l i m i t  
a re important f a c t o r s  f o r  preparat ion o f  h igh  e f f i c i e n c y  s i l i c o n  s o l a r  c e l l s .  Fur- 
thermore the l a s e r  annealing i s  an e a s i l y  automatized technique which can be c a r r i e d  
i n  a i r .  These p roper t ies  are we l l  adapted t o  the development o f  a  low cost  and l a r -  
ge scale s o l a r  energy product ion. 
This paper presents our best r e s u l t s  obtained i n  preparing h igh  e f f i c i e n c y  and l a r g e  
area so la r  c e l l s  by l a s e r  induced d i f f u s i o n  o f  t h i n  f i l m s  o f  dopant i n  c r y s t a l l i n e  
s i l i c o n ,  using scanned overlapping YAG l a s e r  pulses. 
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983553
JOURNAL DE PHYSIQUE 
EXPERIMENTAL CONDITIONS 
Samples used i n  t h i s  work were 300 um t h i c k  < I l l >  o r i e n t e d  s l i c e s  o f  s i l i c o n  c u t  
f rom a boron doped Czoch ra l sk i  c r y s t a l  (1.5 - 3  R cm r e s i s t i v i t y ) .  The samples were 
chemica l l y  p o l i s h e d  w i t h  a  w h i t e  e t c h .  (HF : 1, HN03 : 3 ) .  Be fo re  d e p o s i t i o n  of  t h e  
dopant, t hey  were r i n s e d i n  HF t o  remove t h e  su r face  o x i d e  
Th in  f i l m s  o f  ant imony, o f  about  50 A t h i c k ,  as measured by  a  q u a r t z  mon i to r ,  were 
evaporated by  Jou le  e f f e c t  under vacuum (P 'L t o r r ) .  The amount o f  dopant depo- 
s i t e d  (s 1.5 x  1016 cm-2) was measured by  Ru the r fo rd  Backsca t te r i ng  Spect romet ry  
(RBS) . 
The dopant covered samples were i r r a d i a t e d  u s i n g  a  h i g h  r e p e t i t i v e  ( 5  KHz) Q - s w i t -  
ched - YAG l a s e r  ( A  = 0.53 um) wh ich d e l i v e r s  pu lses  o f  about  100 pm i n  d iameter  o f  
- 
100 ns d u r a t i o n  and an energy d e n s i t y  o f  1.5 t o  2.5 ~ / c m '  
The pu l se  ove r l app ing  can be a d j u s t e d  and t h e  f u l l  s e t  up i s  microprocessor  c o n t r o l -  
l e d .  
The c o n t a c t s  were depos i t ed  on mesa s t r u c t u r e s ,  w i t h  areas rang ing  between 1 and 7 
1 
cmL. The back c o n t a c t  was u s u a l l y  made by evapo ra t i on  under vacuum o f  a  l a y e r  o f  
Au o r  Ti-Ag. The c o l l e c t i o n  g r i d  o f  t h e  s o l a r  c e l l  was prepared by  evapo ra t i on  o f  
Ag through a  mask, w i t h  th icknesses comprised between 0.5 and 2  pm. F i n a l l y ,  an 
a n t i - r e f l e c t i v e  c o a t i n g  of 700 A o f  SiO was depos i ted .  
The c o n c e n t r a t i o n  p r o f i l e s  o f  t o t a l  and i n t e r s t i t i a l  dopant were determined by RBS 
4 + i n  random and channe l i ng  c o n d i t i o n s .  A  1 MeV He i o n  beam (@ Q 2  mm) was used and 
the  energy o f  t h e  backsca t te red  p a r t i c l e s  was measured w i t h  a  coo led  su r face  ba r -  
r i e r  de tec to r .  T h i s  arrangement a l l owed  as e q u i v a l e n t  depth  r e s o l u t i o n  o f  200 A f o r  
S i .  
The sheet  r e s i s t a n c e  o f  t he  doped l a y e r s  was measured by us ing  a  f o u r  p o i n t  probe 
and t h e  c a r r i e r  c o n c e n t r a t i o n  p r o f i l e s  were determined by means o f  t h e  d i f f e r e n t i a l  
sheet  r e s i s t i v i t y  i n  combinat ion  w i t h  anodic o x i d a t i o n  and s t r i p p i n g  techn ique.  
The j u n c t i o n  p r o p e r t i e s  were deduced f rom dark  C - V and I - V measurements and t h e  
c h a r a c t e r i s t i c s  o f  t h e  s o l a r  c e l l s  were eva lua ted  a t  28' C ,  i n  a  s i m u l a t o r  u s i n g  an 
ELH lamp, which produces a  reasonab le  approx imat ion  o f  t h e  AM1 spectrum when ad- 
j u s t e d  t o  t h e  energy l e v e l  o f  100 f 2 mw/cm2, as i n d i c a t e d  by  a  c a l i b r a t e d  c e l l .  
DISTRIBUTION PROFILES 
. o  
Typ i ca l  random and channe l i ng  RBS spec t ra  o f  a  50 A Sb depos i t ed  f i l m  on < I l l >  S i  
a f t e r  l a s e r  induced d i f f u s i o n  a r e  shown on F i g .  1. As a  r e s u l t  o f  t h e  l a s e r  i r r a -  
2  d i a t i o n  (E = 2.5 J/cm ) ,  t h e  dopant i s  d r i v e n  i n t o  t h e  mo l ten  su r face  r e g i o n  by  li- 
q u i d  phase d i f f u s i o n  (DL 2 lo-' cm2/sec) / 3 / .  
A f t e r  e p i t a x i a l  regrowth  t h e  Sb doped l a y e r  c o n s i s t s  o f  two reg ions  : A t o p  sur face 
l a y e r  c o n t a i n i n g  about  40% o f  t h e  i n i t i a l  dopant where t h e  Sb atoms a r e  l a r g e l y  non 
s u b s t i t u t i o n a l .  An i n  depth  p r o f i l e  which extends on seve ra l  thousands angstroems 
and which con ta ins  h i g h l y  s u b s t t i t u t i o n a l  Sb w i t h  a  maximum c o n c e n t r a t i o n  
C s  5 9.5 x 10" CITI-~, much h i g h e r  than t h e  thermal e q u i l i b r i u m  s o l u b i l i t y  l i m i t  
(c: '? 6  x  1019 cm-3 a t  T  = 1200° C). 
The presence o f  a  su r face  peak can be ma in l y  a t t r i b u t e d  t o  a  su r face  accumula t ion  
o f  ant imony by  a  seg rega t i on  e f f e c t  a t  s o l i d - l i q u i d  i n t e r f a c e  d u r i n g  t h e  regrowth  
o f  t h e  mo l ten  l a y e r .  Due t o  t h e  h i g h  va lue  o f  t h e  i n t e r f a c e  v e l o c i t y  ( V  a 1.5-2 m/s) 
RANDOM 50A Sb f ~ l m  on S i  (111) 
( S i l  
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- 
as deduced from heat f l ow 
C: ca lcu la t ions  /4/ performed 
f o r  100 ns dura t ion  s i n g l e  
- 
pulse YAG i r r a d i a t i o n ,  the 
4E21 i n t e r f a c i a l  segregation 
G c o e f f i c i e n t  K i s  much h i -  
Z 
8 gher than the thermal equi- 
1 ib r ium segregation c o e f f i -  3E21 c i e n t  ( K  'L 0.023 f o r  Sb) . 
As shown0in a previous 
work / 6 / ,  the l i n e a r  r e l a -  
t o  deduce the value of K, 
iE2f which i s  about 0.3. 
4 We must n o t i c e  t h a t  the l a -  ser  anneal ing process using the over lapping spot  method 
TH(A) a lso  con t r ibu tes  t o  enhan- 
ce the cumulative e f f e c t  
0 0 . 1  0 .2  0 . 3 0 . 4  0.5 V  (Vl 
F ig .  2 - C a r r i e r  d i s t r i b u t i o n  p r o f i l e  as F i a .  3 - Dark I - V  c h a r a c t e r i s t i c  f o r  
a func t ion  o f  depth. 
~ ? A ~ ~ ~ Z Z ~ ~ ~ ~ ~ $ ! ? O " A ~ ~ ~ { ~ - - '  and 
F ig .  1 - RBS spectra, under random and channeling con- Of < ' 5  when to 
d i t i o n s ,  a f t e r  YAG l a s e r  induced d i f f u s i o n  o f  Sb i n  the l a r g e  area s i n g l e  pu l -  
s i l i c o n .  se l a s e r  i r rad ia t ion . /6 / .  
As shown on the c a r r i e r  d i s t r i b u t i o n  p r o f i l e  repor ted on F ig.  3, the  surface presents 
m e t a l l i c  p roper t ies  and the value o f  the maximum c a r r i e r  concentrat ion (.L 1 x 10 2 1  
~ m - ~ ) ,  demonstrates the  f u l l y  e l e c t r i c a l  a c t i v i t y  o f  the s u b s t i t u t i o n a l  dopant. It 
r e s u l t s  a very low sheet res is tance o f  the doped layers  by t h i s  method which are i n  
the range o f  10 - 15 Q/ 
JUNCTION PROPERTIES 
The dark forward and reserve cur ren t  vo l tage c h a r a c t e r i s t i c s  o f  a l a s e r  processed 
diode, are repor ted on Fig. 3. 
- LASER DIFFUSION 
._..- THERMAL DIFFUSION 
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It appears t h a t  they f o l l o w  a double exponential  r e l a t i o n s h i p  o f  the form : 
qv J  = Jor exp - nr KT + Jod - exp $$ 
wherenr and nd are the recombination and d i f f u s i o n  q u a l i t y  fac to rs  respec t i ve ly ,  and 
Jor and Jod the recombination and d i f f u s i o n  sa tu ra t ion  currents .  These parameters 
have been-deduced from the experimental curves and g ive,  f o r  the thermal d i f f u s e d  
j u n c t i o n  : 
n = n 1.7 and Jor = Jod 2 1 x l o m 8  */cm2 r d -  
On the  contrary ,  the l a s e r  processed j u n c t i o n  e x h i b i t s  h igh recombination f a c t o r  
nr 2 4.2 and a recombination cu r ren t  densi ty  
imply ing the  existence o f  a  l a r g e r  space-charge region and surface concentrat ion o f  
defects  t h a t  a c t  as generation-recombination centers. Furthermore, the  l a s e r  pro- 
cessed j u n c t i o n  presents a reserve biased leakage cur ren t  (measured a t  1 v o l t ) ,  
which i s  one order  o f  magnitude h igher  than f o r  the thermal d i f f u s e d  diode. This 
behaviour can be main ly  r e l a t e d  t o  the h igh  surface recombination e f f e c t s  which have 
several o r i g i n s  : h igh  surface conduc t i v i t y ;  heavy doping e f f e c t s ,  dangl ing bonds, 
surface roughness induced by the l a s e r  treatment as confirmed by Talystep and m i -  
croscopic observat ions. However, we must a lso take i n t o  account on the  in f luence  
o f  donor defects, introduced by the l a s e r  i r r a d i a t i o n  i n  the  t rea ted  layer ,  as de- 
monstrated by Kimer l ing /7 / .  Th is  i s  confirmed by C - V measurements, as repor ted 
on F i g .  4, where we observe two regions : a t  h igh  reserve vo l tage we have a l i n e a r  
dependence on 1 / ~ 2  as a func t ion  o f  (V + Vb), whereas a t  low reserve vo l tage,  f o r  
3 V < 1 v o l t ,  a  1 / C  low i s  found. The j u n c t i o n  b u i l t  i n  p o t e n t i a l  der ived from these 
measurements ( V b  .L 0.6 v o l t ) ,  i s  lower than the value found f o r  a  thermal d i f f u s e d  
junc t ion  (% 0.9 v o l t )  . 
This  behaviour can be analyzed i n  terms o f  a  compensation e f f e c t  o f  the P-type subs- 
t r a t e s  doping l e v e l  (% I x 1016 cmm3), by the e l e c t r i c a l l y  a c t i v e  N-type defects  
created by the l a s e r  treatment. 
F ig .  4  - C - V characte- 
r i s t i c s  f o r  a  thermal 
d i f f u s e d  j u n c t i o n  ( - - - )  
and l a s e r  processed 
j u n c t i o n  (-). 
SOLAR CELL PERFORMANCE 
We have repor ted on F ig.  5, the  evo lu t ion  of open-c i rcu i t  vo l tage and s h o r t  c i r c u i t  
r. 
cur ren t  f o r  three ser ies  of f o u r  c e l l s  (1.3 cmL area) as a  funct ion o f  the i n c i d e n t  
l a s e r  energy densi ty .  The f i l l  f a c t o r s  are ranging between 0.74 and 0.76. The best  
r e s u l t s  are measured f o r  an energy dens i t y  o f  2 ~ / c m ~  and the h ighest  open-c i rcu i t  
vo l tage (Voc = 585 my) are obtained w i thou t  the use o f  any subst rate heating. We 
must n o t i c e  t h a t  these values found fo r  the open c i r c u i t  voltage, l i m i t e d  by the  
excessive recombination cu r ren ts  i n  the emi t ted region, are h igher  then those ob ta i -  
ned , i n  a  previous work /2/, by using a  la rge  s i n g l e  pulsed ruby l a s e r  (Voc=560 mV). 
This d i f fe rence  i s  mainly r e l a t e d  t o  the increase o f  the  j u n c t i o n  depth /8/, as son- 
firmed by RBS experiments, by using t h e  overlapping ~ u l s e d  YAG l a s e r  (XJ % 4000 A), 
compared t o  t h e  s i n g l e  pulsed ruby l a s e r  (XJ % 3000 A). 
The pho tovo l ta i c  c h a r a c t e r i s t i c s  of the  two best  l a s e r  processed s o l a r  c e l l s  (1.3 
2  
and 7.07 cm area, respec t i ve ly )  are repor ted on Table I. 
A maximum conversion e f f i c i e n c y  o f  15.5%, w i t h  an a n t i - r e f l e c t i v e  coat ing, i s  ob ta i -  
ned and h igher  e f f i c i e n c i e s  (> 16% AM1) are expected by the op t im iza t ion  o f  the d i f -  
f e r e n t  stages of the s o l a r  c e l l  f a b r i c a t i o n  (sur face pass ivat ion,  back sur face f i e l d ,  
g r i d  contacts ....) 
Fig. 5  - Evolut ion o f  Voc and ISc as 
a  f u n c t i o n  o f  the i n c i d e n t  l a s e r  energy 
densi ty .  
I 1  I 
1.5 2 2 .5  
LASER ENERGY DENSITY (J/crnZj 
CONCLUSION 
We have demonstrated the f e a s a b i l i t y  of an overlapping pulsed l a s e r  system t o  induce 
the d i f fus ion  of a  dopant f i l m  deposited on s i l i c o n  subst rate.  This leads t o  the  
f a b r i c a t i o n  o f  l a rge  area h igh  e f f i c i e n c y  s i l i c o n  s o l a r  c e l l s .  
The achieved pho tovo l ta i c  c h a r a c t e r i s t i c s ,  n % 15.5 % under AM1 i l l u m i n a t i o n  condi- 
t i ons ,  are t o  our knowledge the best  r e s u l t s ,  p resen t l y  publ ished by using the  l a s e r  
induced d i f f u s i o n  processing. 
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